Recent experimental results suggest that metallic liquids universally exhibit a high-temperature dynamical crossover, which is correlated with the glass transition temperature (Tg). We demonstrate, using molecular dynamics results for Cu64Zr36, that this temperature, TA ≈ 2 × Tg, is linked with cooperative atomic rearrangements that produce domains of connected icosahedra. Supercooling to a new characteristic temperature, TD, is shown to produce higher-order cooperative rearrangements amongst connected icosahedra, leading to large-scale domain fluctuations and the onset of glassy dynamics. These extensive domains then abruptly stabilize above Tg and eventually percolate before the glass is formed. All characteristic temperatures (TA, TD and Tg) are thus connected by successive manifestations of the structural cooperativity that begins at TA.
As a liquid is supercooled below its melting temperature, the characteristic timescales of its dynamics become increasingly stretched. In a dramatic departure from exhibiting simple diffusive particle dynamics, its viscosity, η, increases rapidly as it develops general, glassy dynamic features [1] [2] [3] [4] . Efforts to universally describe these phenomena as a liquid is supercooled to its glass transition temperature (T g ) remain divided in both their approaches and successes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In these theories, the roles played by structure, if any, are a major point of discrepancy. The molecular dynamics (MD) results presented here reveal a striking correlation between structure and dynamics across a broad temperature range. In particular, a high temperature structural crossover is shown to underlay a recently reported dynamical one [15] .
Numerous works point to the fundamental importance of locally-preferred structures (LPS)s in glass forming liquids [13, [16] [17] [18] . One such thermodynamic theory describes the growth of frustration-limited domains (FLD)s of the LPS as the liquid is cooled [13, 19] . This FLD theory accurately describes glassy relaxation processes and predicts a temperature, T A , below which a fragile liquid develops a super-Arrhenius temperature dependence for η. Very recently, an analysis of experimental data for a wide variety of metallic liquids revealed that T A correlates strongly with T g , such that T A ≈ 2 × T g ; it was shown that this temperature corresponds to a crossover phenomenon created by competition between configurational excitations and phonons [14, 15] . Remarkably, it was found that, by using T A and particle density as scaling factors, the viscosity data for all strong and fragile metallic liquids fall on a universal curve across a broad temperature range [15, 19] .
Despite the merits of the FLD theories, an important problem persists. The measured structural changes of the liquid across the accessible supercooled temperature range are extremely subtle, casting doubts on the extent and even the existence of the FLDs [3, 7] as well as the structural changes that accompany processes at T A [14, 16] . Therefore, observing FLDs and studying their role in the dynamical crossover at T A would bolster FLD theory, the interpretation of the apparent universality across metallic liquids, and the overall understanding of the relationship between structure and dynamics in liquids
In this Letter, we demonstrate the development and growth of FLDs in a metallic liquid as it is cooled through T A , providing a coherent picture of the structural and dynamical features of the cooperativity that arises at this crossover temperature as well as within the supercooled regime. Rapidly growing fluctuations in domain sizes are linked to the development of glassy dynamics, leading to the identification of another crossover at lower temperature, T D , which may be possible to observe in experimental structural studies [20, 21] . These extensive domains then quickly stabilize, marked by a sudden drop in the domain fluctuations, and percolate the system before it reaches T g . The MD results presented here suggest that all of these characteristic temperatures, T A , T D and T g correspond to a cascade of cooperative structural rearrangements involving a LPS that begins at T A , a result consistent with the prediction from recent experimental studies of viscosity [15] .
Results were obtained from classical MD simulations [22] of the metallic liquid Cu 64 Zr 36 [23] , which is among the best glass forming compositions of this alloy [24] . Simulation details are provided in the Supplemental Materials (SPM) of this paper [25] . The LPS for the system is an icosahedron-shaped cluster of atoms [26] [27] [28] [29] , consisting of a Cu atom with 12 nearest neighbor atoms, which form a weighted-Voronoi cell with 12 pentagonal faces. Distorted icosahedra, which contain some nonpentagonal Voronoi faces, are treated as distinct structures and are not considered to be LPSs. FLDs are thus comprised of connected icosahedra. If two icosahedra are connected, then they share a vertex, an edge, a face, or they interpenetrate, meaning that they share 1, 2, 3, or 7 atoms, respectively [30] .
Before analyzing the structural evolution of Cu 64 Zr 36 , a summary of the dynamical features that develop across a broad temperature range is presented. Viscosity data obtained using the Green-Kubo relationship for the stress tensor autocorrelation function [25, 31] are shown in the main panel of Figure 1 . A change from an Arrhenius temperature dependence to a super-Arrhenius form occurs when the liquid is cooled below 1550K, which is, therefore, identified as T A . As found in a recent experimental study [15] , this value is near 2 × T g (T g ≈ 750K [23, 25] ). T A also marks the breakdown of the StokesEinstein equation for Zr atoms,
which are the largest diffusing species in the system [3, 32] . Here, η is the viscosity, D Zr is the diffusion coefficient of tagged Zr particles as measured from the long-time integral of their velocity autocorrelation functions, T is the temperature, and R Zr is the effective particle radius. The data presented in the main panel of Figure 2 indicates that the liquid departs from its simple behavior as it is cooled through T A , and begins to develop dynamical heterogeneities [6, 33] . It is important to note that the local violation of the Stokes-Einstein equation does not signify the onset of strong glassy dynamics in Cu 64 Zr 36 . That is, the system does not yet exhibit plateau-separated fast (β) and slow (α) relaxation processes. This can be seen in the inset of Figure 2 , which displays the temperature dependence of the diffu- . A transition between linear fits on a log scale (dashed lines) occurs at TD = 1050K for both species.
sivities for Cu and Zr particles. These reflect the longtime asymptotic behaviors of the particles' mean-square displacements (see SPM) [25] . A transition between linear fits on a log-scale occurs below T A , at 1050K. This accelerated decrease in the diffusivities with decreasing temperature for both atomic species reflects a transition to a larger diffusive-motion activation energy barrier and the development of a sustained plateau that separates the two-step relaxation process characteristic of caged particle dynamics [4] . Here also, atomic motions begin to strongly decouple, leading to a sharp decrease in DZr DCu (see SPM) [25] . This new landmark temperature, equal to 1050K and labelled as T D , signifies the development of stretched, glassy dynamical features in the supercooled liquid.
The crossover from the "simple liquid" regime at T A marked by the development of super-Arrhenius relaxation times, and the development of glassy dynamics at T D both coincide with the onset of structural cooperativity associated with FLDs of connected icosahedra. Our analysis of this cooperativity follows and expands on the work of Iwashita, Nicholson, and Egami [14] . First, the Maxwell time, or shear stress relaxation time,
provides a timescale during which the liquid behaves like a solid and exhibits an elastic shear response without flowing [3, 32] . σ ij (t) is the time-dependent Cauchy stress tensor [25, 32] . Second, the local cluster time, τ LC , is defined as the average time required for an atom to change its coordination number, i.e. the time needed for an atom to lose or gain a Voronoi neighbor (see SPM) [25] . In addition to these two times, we introduce the icosahedron lifetime, τ icos , which is the average time required for an icosahedron to lose a vertex atom, gain an extraneous vertex atom, or distort its shape. τ icos for an icosahedron involved in a domain via interpenetrating connection is labelled τ (F LD) icos . Measurements of τ LC and τ icos provide a context for understanding the timescales over which atomic rearrangements of the liquid structure occur.
The primary portion of Figure 3 shows the ratios of τ M to τ LC and τ
(F LD) icos
, respectively, as a function of temperature. The high temperature, simple liquid regime (T > T A ) is characterized by the liquid's propensity to flow: τ M is so short that typical local atomic rearrangements occur only after the surrounding environment has relaxed in response to shear strains. It is not until the system is cooled through T A that τ M ≥ τ LC , and that atomic clusters can begin to rearrange with one another on a time scale during which the liquid behaves like a solid. Here cooperative restructuring can contribute to the liquid's relaxation process [14] . The icosahedra, however, are stable enough to persist on liquid timescales (τ icos > τ M ) for temperatures well below T A . In the regime where T A > T > T D , liquid relaxation processes thus involve non-icosahedral atomic clusters, which cooperatively rearrange amidst inert icosahedra and form off of them, new, connected icosahedra. This process is depicted in a simplified 2D illustration in the inset of Figure 3 . This can be seen in Figure 4 , which shows, on a log scale, the evolution of the populations of the total, isolated, and connected icosahedra in a volume containing 30,000 atoms. At T A the number of icosahedra involved in FLDs surpass the number of isolated ones, and the total population begins to grow exponentially with inverse temperature. This is, to our knowledge, the first structural account of the ordering that accompanies the high-temperature crossover in liquid metals [14, 16] . The inset of Figure 4 shows the rapid growth of FLDs upon cooling, plotting the average icosahedron-domain size, s, on a log scale versus inverse temperature. s is weighted by the fractions of icosahedra involved in the domains.
As the liquid is supercooled through T D , its Maxwell time increases so that τ M ≥ τ (F LD) icos (see Fig 3) , and thus its relaxation processes begin to involve cooperative structural rearrangements of connected icosahedra within FLDs. The illustration in Figure 3 depicts a simple schematic of such processes. The onset of this mediumranged cooperativity corresponds with the observed enhancement of the diffusive-motion energy barrier and the development of general glassy dynamics. Both cooperative characteristic temperatures, T A and T D , manifest as enhancements in fluctuations of the average domain size, s . Figure 5 shows the relative time-fluctuations in domain size, σs s , versus inverse temperature. Here, s(t) is the mean domain size of the system at a time t, and σ s is the standard deviation of s(t) from its timeaveraged value, s. As the liquid is cooled through T A , . A deviation from the high temperature Arrhenius fit (dashed curve) begins at TA. Domain-size fluctuations grow rapidly upon cooling through TD. The distinct peak at 925K (T peak ) demonstrates the abrupt stabilization and growth of a large FLD, which percolates above Tg. Error bars are derived from averaging two independent runs fluctuations in the domain size become enhanced, growing faster than does the high-temperature Arrhenius fit (dashed curve) with decreasing temperature. Cooling further through T D shows an increasingly-rapid growth of the domain fluctuations, leading to a distinct peak at T peak = 925K. The now cooperatively-rearranging FLDs attempt to grow far beyond their average sizes before inevitably collapsing, reaching relative fluctuations of 70%.
This behavior changes abruptly as the liquid is supercooled through 925K. The FLDs suddenly stabilize and exhibit rapid, sustained growth in size until a single domain percolates the system at 825K [30] , above T g . The ostensively critical growth of fluctuations followed by the rapid percolation of the icosahedron domain indicates the possible presence of a liquid-liquid phase transition above T g [11] . This will be investigated in detail in a future publication. Below T g , the percolated FLD shapes the properties, mechanical and others, of the glass. This been demonstrated by a number of excellent studies for several glasses [34] [35] [36] [37] [38] [39] .
The time-dependent behavior of the FLDs that produce the fluctuations reported in Figure 5 are shown in Figure 6 . Here, we plot all of the domain sizes that are present at each simulation time step, for temperatures T A , T D , T peak , and T g . The left side and right sides of the plot show this time dependence on 1ps and 100ps timescales, respectively. In the left panel, the evolution , allows us to identify the temperature ranges in which cooperative structural rearrangements contribute to the liquid's relaxation processes. At T A atoms begin to cooperatively form connected icosahedra off of isolated ones, and at T D cooperative rearrangements within FLDs of connected icosahedra occur. FLD-size fluctuations are found to increase rapidly with decreasing temperature before reaching a maximum value at T peak . Below this temperature, the FLDs stabilize and grow rapidly, percolating the system before the liquid reaches T g . These results provide needed evidence and explanation for the structural roles played at T A , which according to recent experimental results is an important characteristic temperature for all metallic liquids [15] , and more broadly illustrates that a cascade of cooperative structural and dynamical effects begins at this temperature and characterizes the super-cooled liquid as it approaches T g . [40] .
